Abstract: A series of 5H-thiazolo[3,2-a]pyrimidin-5-ones were synthesized by the cyclization reactions of S-alkylated derivatives in concentrated H2SO4. Upon treatment of S-alkylated derivatives at different temperatures, intramolecular cyclization to 7-(substituted phenylamino)-5H-thiazolo[3,2-a]pyrimidin-5-ones or sulfonation of cyclized products to sulfonic acid derivatives occurred. The structures of the target compounds were confirmed by IR, 1 H-NMR, 13 C-NMR and HRMS studies. The compounds were evaluated for their preliminary in vitro antibacterial activity against some Gram-positive and Gram-negative bacteria and screened for antitubercular activity against Mycobacterium tuberculosis by the broth dilution assay method. Some compounds showed good antibacterial and antitubercular activities.
Introduction
The rapid development of bacterial drug resistance is growing into a global problem. Consequently, there is a pressing need to develop new antimicrobial drugs with potent activity in order to overcome the bacterial drug resistance. Electron-rich nitrogen heterocycles and sulfur compounds play an important role in diverse biological activities. Thiazolo[3,2-a]pyrimidine nucleus have been consistently regarded as structural analogs of biogenic purine bases and can be considered as potential purine antagonists [1, 2] . These heterocyclic systems are the key chemical building blocks for numerous compounds that play important roles in the functioning of biologically active molecules. As one type of those heterocyclic rings, 5H-thiazolo[3,2-a]pyrimidin-5-ones are considered a promising class of bioactive heterocyclic compounds encompassing a diverse range of biological activities such as anti-inflammatory [3, 4] , antihypertensive [5] , antifungal [6] , antibiofilm [7] , antibacterial [7] , antiviral [8] , antioxidant [9] , antitumor [10, 11] , anti-HIV [12] , calcium channel blocking [13] , antitubercular [14] , glutamate receptor antagonistic [15] , 5-HT2a receptor antagonistic [16] and group II metabotropic glutamate receptor antagonist activities [15] . Those compounds have also been reported as inhibitors of CDC25B phosphatase [17] , Bcl-2 family proteins [17] , and acetylcholinesterase enzymes [18] .
The sulfonic acid group represents a key structural motif in both synthetic and medicinal chemistry. The phosphate functional group can be replaced by sulfonic acid moieties via bioisosteric replacement. These features are functionally interchangeable due to their ability to adopt a negative charge at biological pH values [19] . Many compounds containing sulfonic acid groups are well known as antibacterial [20] [21] [22] [23] , antifungal [24] [25] [26] [27] [28] and antitubercular agents [29] . Additionally, compounds containing sulfonic acid groups are used as dyes [30] , and in metal arenesulfonate complexes [31] .
It has been found that some 5H-thiazolo[3,2-a]pyrimidin-5-one structural analogues possess potent antimicrobial activity. A literature survey revealed that different halogen-substitution positions on the phenyl ring of thiazolotriazinones (I, Figure 1 ) result in a wide range of important pharmacological properties [32] . Moreover, aminotriazolothiadiazines (II, Figure 1 ) showed very good antibacterial and antifungal activities at 6.25 mg/mL concentrations [33] . On the other hand, it was reported that the introduction of a sulfonic acid group might augment the antimicrobial activity [34] . Numerous 4-(1H-benzoimidazol-2-yl)-benzenesulfonic acids (III, Figure 1 ) were found to be the most effective antibacterial and antifungal compounds. In addition, the role of electron-withdrawing nitro groups in increasing the antimicrobial activity was noted. Encouraged by the enormous pharmacological importance of 5H-thiazolo[3,2-a]pyrimidin-5-ones and the sulfonic acid motif, we focused on applying a scaffold hopping approach and developing a novel series of substituted 5H-thiazolo[3,2-a]pyrimidin-5-ones and their sulfonic acid derivatives. These compounds were subsequently evaluated for their in vitro antibacterial and antitubercular activity.
Results and Discussion

Chemistry
The synthesis of the new 5H-thiazolo[3,2-a]pyrimidin-5-ones and their derivatives containing a sulfonic acid moiety is summarized in Scheme 1. The 6-substituted anilino-2-thiouracil starting materials 1a-c were synthesized according to known procedures based on the reactions of 6-amino-2-thiouracils with substituted anilines in the presence of aniline hydrochloride at high temperature [35] [36] [37] . Thus, the obtained thiopyrimidines 1a-c were nearly quantatitatively S-alkylated with the appropriate substituted phenacyl halides in the presence of anhydrous potassium carbonate [36, 38] . The products 2a-f could be used in subsequent reactions without further purification. The S-alkylated derivatives are proved to exist in solution largely in the lactam form as indicated from spectroscopic studies. The tautomeric hydrogen was found to favour N3 rather than N1 [39] [40] [41] [42] [43] [12] and two singlets at δ 5.85, 5.24 ppm for OH, but an AB quartet did not fully account for two methylene protons. In most cases tautomerism in these compounds is clearly solvent-dependent [40] . A similar phenomenon is also observed in other 1 H-NMR spectra of S-alkylated derivatives (see Supporting Information). We interpret this effect as being due to the presence of thermally interconvertible cis-trans geometric isomers and their keto-enol tautomerism [44, 45] (Scheme 3).
Scheme 3. Possible interconversion of S-alkylated derivatives.
Cyclization of S-alkylated derivatives 2a-f in concentrated H2SO4 represents an interesting case; mixtures of products (5H-thiazolo[3,2-a]pyrimidin-5-ones and sulfonic acid derivatives) were obtained which varied in relative amounts depending upon the reaction conditions (temperature and substituent groups).
Cyclization of 2c and 2d in concentrated H2SO4 at room temperature afforded 5H-thiazolo[3,2-a] pyrimidin-5-ones 5a and 5b, respectively, in good yields. The progress of the reaction was monitored by TLC. As can be seen, formation of aromatic sulfonic acids increased markedly with increasing reaction temperature. For example, only a negligible amount of the aromatic sulfonic acid was formed at 20 °C after 72 h. Upon raising the reaction temperature in increments, increasing amounts of the aromatic sulfonic acid were observed in the reaction mixtures by TLC. When the temperature was raised to 80 °C, the reaction with heating for 24 h gives these heteroaromatic sulfonic acid derivatives as the only products in high yield, which is attributable to the relatively weak electron-donating ability and relatively large steric hindrance of the methyl group.
In contrast, when compounds 2a-b, 2e-f were stirred for 72 h at 20 °C, they were converted completely into the monosulfonic acids of thienopyrimidines (TLC monitoring). Attempts to reduce the reaction times by further increasing the temperature from 20 °C to 80 °C are effective. This one-pot procedure shortened the total reaction time from 72 to 24 h.
Theoretically, the intramolecular cyclization of S-alkylated derivatives may afford the two possible isomeric products: 5H-thiazolo[3,2-a]pyrimidin-5-ones and 7H-thiazolo[3,2-a]pyrimidin-7-ones. Formation of these isomers may be explained on the basis of nucleophilicity differences of N1 and N3 position of S-alkylated derivatives. However, in practice cyclization of S-alkylated derivatives 2a-f were found to afford only the corresponding 5H-thiazolo[3,2-a]pyrimidin-5-ones.
The regioselectivity of the cyclization step, maybe due to a difference in the electron density at the N1 and N3 positions of 3,4-dihydropyrimidine-2(1H)-thione. The higher electron density of the N3 atom resulted in exclusive cyclization at this position [46] (Scheme 2). In addition, theoretical computations also reveal that the regioisomers 5-ones resulting from the N3 intramolecular cyclization are more stable and form the major regioisomer [47] . Moreover, 5H-thiazolo[3,2-a]pyrimidin-5-ones were formed as a result of intramolecular cyclization through nucleophilic attack of the pyrimidine N3, onto the phenacyl carbonyl carbon. The selective C2-N3 annulation is due to the steric repulsions between the aryl group at position 6 of the keto sulfides and carbonyl group [40] .
Compounds 3a-f were obtained by one-pot cyclization and sulfonation of 2a-f. These conditions were favorable for the introduction of one sulfonic acid group and avoided undesirable oversulfonation. When compounds 2a-b undergo this one-pot procedure, sulfonation occurs solely at the electronically favored positions which are para to the amino groups to give the compounds 3a-b. For steric reasons, sulfonation of the phenyl ring did not afforded ortho-sulfonic acids. Thus, for compounds 2c-f, two substituents already present of the phenyl ring have a direct effect the introduction of the sulfonic acid group, as there are only two possible sulfonate isomers that can be formed. N-phenyl substitution of products 5H-thiazolo[3,2-a]pyrimidin-5-ones could lead to an amino conjugation effect of the cyclic α,β-unsaturated ketone of 5H-thiazolo[3,2-a]pyrimidin-5-ones (Scheme 2), which simultaneously decreases the conjugation on the phenyl ring. When a third substituent is introduced into the phenyl ring of 5H-thiazolo[3,2-a]pyrimidin-5-ones, both NH and R1 (electron-donating groups) exert an influence, but the group R1 whose influence predominates directs the sulfonic acid group to the place it will occupy. We find that compounds with the new substituent in the ortho-positions relative to R1 are obtained exclusively. Another explanation of this phenomenon might be some steric influence of the 5H-thiazolo[3,2-a]pyrimidin-5-one nucleus. Similar conclusions regarding the regioselectivity of sulfonation of the phenyl ring have also been reported in the literature [48] [49] [50] [51] [52] .
Biological Assays
All of the synthesized compounds were evaluated in vitro using a broth micro dilution method to obtain their minimum inhibitory concentration (MIC) values against two Gram-positive bacterial strains: Staphylococcus aureus (S. aureus), Bacillus subtilis (B. subtilis); two Gram-negative bacterial strains: Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa) and Mycobacterium smegmatis (M. smegmatis). The MIC values of these compounds were presented in Table 1 . "-"Indicates bacteria is resistant to the compounds at >800 µg/mL. MIC (µg/mL) = lowest concentration to completely inhibit bacterial growth. Reference drugs: CIP, Ciprofloxacin; RIP, Rifampicinn.
Examination of the antibacterial screening data reveals that all the tested compounds display significant antibacterial activity against Gram-negative bacteria and moderate activity against Gram-positive bacteria. In general, compounds having nitro substituents displayed significant inhibitory activity, that was only slightly affected by the nitro substituent being located on the 3-or 4-position of the phenyl group. In addition, compounds without sulfonic group had better antibacterial than the corresponding compounds with sulfonic acid groups, which could be seen from compounds 5a, 5b that possess the highest antibacterial activities. From first examination of the antitubercular activity results, it appears that compounds 4a-d, containing an amino group, show better activity against M. smegmatis and compounds 4c, 4d showed the highest activity (MIC 50 µg /mL). This may be due to the influence of the methoxy substituent.
Experimental Section
General Information
Melting points were determined in open capillary tubes with a WRS-1B melting point apparatus (Shanghai Shenguang Instrnment Co., Ltd, Shanghai, China) and are uncorrected. IR spectra (KBr) were recorded on a FTIR920 spectrophotometer (Tianjin Tuopu Instrument Co., Ltd., Tianjin, China). The 1 H-and 13 C-NMR spectra were obtained from a solution in DMSO-d6 with TMS as internal standard using a 400/101 MHz ( 1 H-/ 13 C-) spectrometer (Agilent Technologies, Santa Clara, CA, USA). Mass spectra were acquired from an Agilent 6200 Series TOF and 6500 Series Q-TOF LC/MS System B.05.01. (B5125, Agilent Technologies, Santa Clara, CA, USA).
Synthesis
General Procedure for the Synthesis of 1a-c
A mixture of 6-amino-2-thiouracil (50 mmol), an appropriate aniline (100 mmol) together with anilinium chloride (75-100 mmol) was heated at 175 °C for 7-12 h. The warm mixture was diluted with 65% ethanol (200 mL) and cooled. The precipitate was filtered and washed with cold ethanol, which was dissolved in hot 5% NaOH solution, and the filtrate was neutralized with 10% HCl to get more pure product. The solid deposited was filtered, washed with water, dried, and crystallized from a large volume of CH3OH to yield the title compounds. 
6-(Phenylamino)-2-thioxo-2,3-dihydropyrimidin-4(1H)-one
2-Thioxo-6-(p-tolylamino)-2,3-dihydropyrimidin-4(1H)-one
General Procedure for the Synthesis of Compounds 2a-f
Anhydrous potassium carbonate (10 mmol) and substituted phenacyl halides (10 mmol) were added in succession to a suspension of 6-substituted-2-thiouracil 1 (12 mmol) in dry N,N-dimethylformamide (10 mL). After stirring for 3 h at room temperature, the mixture was quenched with water (100 mL) and filtered. The residues were purified by crystallization to give compounds 2a-f. 
2-((2-(3-Nitrophenyl)-2-oxoethyl)thio)-6-(phenylamino)pyrimidin-4(3H)-one
2-((2-(4-Nitrophenyl)-2-oxoethyl)thio)-6-(phenylamino)pyrimidin-4(3H)-one
2-((2-(3-Nitrophenyl)-2-oxoethyl)thio)-6-(p-tolylamino)pyrimidin-4(3H)-one
2-((2-(4-Nitrophenyl)-2-oxoethyl)thio)-6-(p-tolylamino)pyrimidin-4(3H)-one
6-((4-Methoxyphenyl)amino)-2-((2-(3-nitrophenyl)-2-oxoethyl)thio)pyrimidin-4(3H)-one
6-((4-Methoxyphenyl)amino)-2-((2-(4-nitrophenyl)-2-oxoethyl)thio)pyrimidin-4(3H)-one
General Procedure for the Synthesis of Compounds 3a-f
S-alkylated derivatives 2 (1 mmol) were carefully dissolved in concentrated sulfuric acid (7.5 mL) and heated in an oil bath at 80 °C for 24 h. After cooling, The reaction mixture was carefully poured into ethyl acetate (about 50 mL), to form a precipitate which was collected, washed with ethyl acetate and dried. The crude product was recrystallized from ethyl acetate to give 3a-f. 
4-((3-(3-Nitrophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)benzenesulfonic acid
4-((3-(4-Nitrophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)benzenesulfonic acid
2-Methyl-5-((3-(3-nitrophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)benzenesulfonic acid
2-Methoxy-5-((3-(3-nitrophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)benzenesulfonic acid
2-Methoxy-5-((3-(4-nitrophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)benzenesulfonic acid
General Procedure for the Synthesis of Compounds 4a-d
A suspension of nitro compounds 3a-f (3.53 mmol) in ethanol (60 mL) and water (30 mL) was treated with ammonium chloride (3.53 mmol) and iron powder (17.65 mmol). After being stirred at 80 °C for 2 h, the mixture was diluted with ethanol (40 mL) and filtered through diatomaceous earth (Celite ® ) while hot. The filtrant was washed with hot ethanol, and the filtrate was concentrated. The crude product was purified by column chromatography on silica gel using petroleum CH2Cl2/CH3OH as eluent to afford the pure products. 
4-((3-(3-Aminophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)benzenesulfonic acid
4-((3-(4-Aminophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)benzenesulfonic acid
5-((3-(4-Aminophenyl)-5-oxo-5H-thiazolo[3,2-a]pyrimidin-7-yl)amino)-2-methoxybenzenesulfonic acid
General Procedure for the Synthesis of Compounds 5a-b
S-alkylated derivatives 2 (1 mmol) were carefully dissolved in concentrated sulfuric acid (7.5 mL) and stirred at 20 °C for 72 h. After cooling, it was carefully poured into water (about 50 mL), precipitation which was collected, washed with cold water and dried. The crude product was recrystallized from ethyl acetate to give products. [3,2- A suspension of nitro compound 5a-b (3.53 mmol) in ethanol (60 mL) and water (30 mL) was treated with ammonium chloride (3.53 mmol) and iron powder (17.65 mmol). After being stirred at 80 °C for 2 h, the mixture was diluted with ethanol (40 mL) and filtered through diatomaceous earth (Celite ® ) while hot. The filtrant was washed with hot ethanol, and the filtrate was concentrated, partitioned between water and ethyl acetate and the aqueous phase was extracted three times with ethyl acetate. The combined extracts were washed with brine and dried (Na2SO4), filtered and concentrated to provide the products. [3,2- 
3-(4-Nitrophenyl)-7-(p-tolylamino)-5H-thiazolo
3-(3-Aminophenyl)-7-(p-tolylamino)-5H-thiazolo
Bioassays
The standard strains were the obtained from National The antibacterial and antitubercular activities of the synthesized compounds were tested by the broth micro dilution method. The 2-fold diluted compounds in Mueller Hinton broth were dispensed into 96-well microtiter plates (200 μL/well), and then an aliquot of 5 × 10 5 colony forming units (cfu)/mL of bacterial culture was added to each well (200 μL/well) to final concentrations in a range of 1-800 μg/mL. After incubating at 37 °C for 24 h, the lowest concentration without any colony growth was recorded as the MIC value. The tested compounds and reference drugs were dissolved in MeOH to get a solution and MeOH showed no inhibition zones. The resulting values were compared with the value for a reference control (ciprofloxacin in a range of 3.125-200 μg/mL was used as a reference for antibacterial activity, and rifampicin in a range of 3.125-100 μg/mL was used as a reference for antitubercular activity) under the same conditions.
Conclusions
In summary, a series of 7-(substituted phenylamino)-5H-thiazolo[3,2-a]pyrimidin-5-ones and sulfonated cyclized products were designed, synthesized and evaluated for antibacterial and antitubercular activities in this study. An efficient synthetic method led to 5H-thiazolo[3,2-a]pyrimidin-5-ones or the corresponding sulfonic acid derivatives at different temperatures in high yield and purity. During our extensive literature survey it was found that N3 of substituted pyrimidines was the cyclization site when S-alkylated derivatives was utilized to give 5H-thiazolo[3,2-a]pyrimidin-5-ones. Our results reveal that compounds having nitro substituents displayed significant antibacterial inhibitory activity, while compounds containing the amino group, show better activity against M. smegmatis. Further structural modification could be performed to improve the bioactivity. We believe that these compounds can be developed into potential class of antimicrobial and antitubercular agents.
Supplementary Material
Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/20/09/16419/s1.
